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We demonstrate that the thermopower (S) can be used to probe the spin fluctuations (SF) in the 
proximity to the quantum critical point (QCP) in Fe-based superconductors. The sensitivity of S 
to the entropy of charge carriers allows us to observe an increase of S/T in Ba(Fei_ :c Co :I :)2As2 close 
to the spin-density-wave (SDW) QCP. This behavior is due to the coupling of low-energy conduc- 
tion electrons to two-dimensional SF, similar to the heavy-fermion systems. The low-temperature 
enhancement of S/T in the doping range 0.02 < x < 0.1 is bordered by the two Lifshitz tran- 
sitions, and it corresponds to the superconducting doping region, where similarity between the 
electron and nonreconstructed hole pockets exists. The maximal S/T is observed in the proximity 
of commensurate-to-incommensurate SDW transition, for critical x c ~ 0.06, close to the highest su- 
perconducting T c . This analysis indicates that the low-T thermopower is influenced by the critical 
spin fluctuations which are important for the superconducting mechanism. 



The physical properties of matter in the vicinity of 
a quantum critical point (QCP) have been in the fo- 
cus of interest since the discovery of unconventional su- 
perconductivity pP and heavy-fermion systems [2j. The 
discovery of superconductivity (SC) in Fe-based mate- 
rials (FeSC) and the presence of a spin-density-wave 
(SDW) state motivated discussions about the interplay 
of magnetism, structure and superconductivity simul- 
taneous with the existence of a QCP in the phase 
diagram of FeSC [3]. The structural, tetragonal-to- 
orthorhombic, transition is coupled to the paramagnetic- 
to-antiferromagnetic transition [4] . This behavior can be 
realized through nematic order which emerges from the 
coexistence of magnetic fluctuations and frustration [SJ- 
7 . It explains the proximity in temperature of the struc- 
tural (Ts) and magnetic (Tsdw) transitions throughout 
the phase diagram of doped iron-pnictides [8 . The ob- 
served anisotropy of the in-plane resistivity is in agree- 
ment with the nematic scenario of anisotropic electronic 
states originating from the scattering by impurities and 
critical spin fluctuations (SF) [SI [21 [TU] . The magnetic 
fluctuations are important because it is believed they are 
responsible for the SC pairing [TTj . 

The thermoelectric power (S) is sensitive to the deriva- 
tive of density of electronic states and the change of the 
relaxation time close to the Fermi surface (FS). It can 
be interpreted as the entropy per charge carrier |12j . S 
can be used to detect deviations from the Landau Fermi- 
liquid (FL) picture, i.e. in heavy-fermion compounds. 
There, the enhanced scattering by critical SF close to 
the antiferromagnetic (AF) quantum critical point leads 
to an increase of electronic entropy and, consequently, 
to increases of thermopower and electronic specific heat 
(C e ) [13]. The increase of entropy and C e upon entering 
the nematic phase in the vicinity of the quantum criti- 
cal phase was shown in the example of Sr3Ru2 07 [14] . 
In this paper, we observe quantum critical behavior by 
thermopower in the phase diagram of the prototypical 



Fe-based superconductor Ba(Fei_ x Co x )2As2 (BFCA). 

The variation of thermopower S/T have been used to 
characterize the nature of the QCP in non-Fermi-liquid 
(NFL) heavy-fermion compounds [TS]. In the case of a 
spin-density-wave criticality, the S/T is roughly symmet- 
ric around QCP. Also, it was shown that S/T near the 
magnetic quantum critical point has a similar variation 
as C e /T [T3]. The low energy quasi-2D spin fluctuations 
with a 2D ordering wave vector and a 3D Fermi surface, 
lead to hot regions on the FS. The electrons are strongly 
renormalized in these regions because of the enhanced 
scattering on nearly critical SF. This leads to the follow- 
ing expression for the specific heat or entropy per parti- 
cle: C e /N oc T(l/epujs) ln(ws/c)). Here, ojs is the energy 
of the spin fluctuations, e F is the Fermi energy, 5 is the 
mass of SF and it measures the deviation from the QCP. 
The logarithmic T-depcndcnce of specific heat is different 
from the Fermi-liquid behavior in which C e oc T . Analo- 
gously, the expression for thermopower based on critical 
2D-SF is S oc T(l/e F u s ) hi(w s /S) [TJ]. One can write 5 
as S = r(p — p c ) + T, where T is an energy parameter 
and p is an experimental parameter (doping, pressure or 
magnetic field) that can be tuned to the critical value p c . 
This means that the QCP can be approached by changing 
the temperature or other parameters in the system. In 
the former case, when T > T(p — p c ), S in the proximity 
to QCP has a dependence S/T oc ln(l/T), qualitatively 
different from the FL behavior S/T oc const. |13j . 

The NFL divergent behavior of S/T close to 
antiferromagnetic SDW QCP is observed in sev- 
eral unconventional superconductors, among others: 
heavy-fermions Ce 2 PdIn 8 [TB], cuprate high-T c super- 
conductor Lai.6- x Ndo.4Sr x Cu04 [T7], hole-doped Fc- 
pnictides Bai_ x K x Fe 2 As 2 , Sri_ x K x Fe 2 As 2 [THUS], and 
Eui_ x K x Fe 2 As 2 [20] ■ The difference between these com- 
pounds is the energy defined by T below which critical 
behavior is observed and SC emerges, which is smaller 
in heavy-fermion and larger in high-T c SC. Another sign 
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of quantum critical behavior is the T-linear resistivity 
p(T) driven by anomalous scattering on spin fluctuations, 
for the critical value of a tuning parameter, which was 
reported in all of the aforementioned compounds |17L 
[THIHI]. Also, the critical behavior of p(T) corresponds 
to the highest SC T c , thus supporting the SF driven SC 
scenario [T]. The highest energy range of criticality is 
observed in La2- x Sr x Cu04 cuprates where the linear In- 
dependence of p extends up to 1100 K . In both 
cuprates and Fe-pnictides, this anomalous behavior is ob- 
served only in a narrow doping range, for a critical value 
of the parameter [T51 123] l2lj . 

Here we focus on the S/T in the low-T region that 
shows anomalous behavior in electron-doped BFCA. 
SDW long-range AF order at Tsdw is defined by a com- 
mensurate propagation vector (tt, tt) which is the nest- 
ing vector between the hole and electron pockets on the 
Fermi surface [25]. The Tsdw occurs lower than T$ 
transition [26! and in the SDW phase the FS is recon- 
structed [57]- With doping, the structural/SDW transi- 
tions are suppressed and increasingly separated, and the 
FS undergoes a Lifshitz transition above x f=s 0.02 [2"71l28| . 
It is a topological change of the FS, and the first one oc- 
curs when the reconstructed hole-pocket disappears be- 
low the Fermi level giving way to the electron-pocket at 
the Brillouin zone X-corner (LT1). A similarity in size 
and shape of this electron X-pocket and the hole T-pocket 
in the zone center exists in the 0.02 < x < 0.1 range [28] . 
This feature enhances interband scattering which is im- 
portant for the superconducting pairing [35J l2"5H3T] . The 
low-energy spin resonance observed in the SC phase by 
inelastic neutron scattering at the same nesting vector 
supports the picture of a SC pairing mechanism medi- 
ated by spin fluctuations [32] . Also, nuclear magnetic 
resonance links the strength of AF SF and SC T c , when 
the SDW order is almost suppressed [33J. In the same 
region, for x ~ 6%, the magnetic wave vector becomes 
incommensurate with the lattice periodicity |34) . 

The tightly spaced doping in Ba(Fe 1 „ 2 ,Co x ) 2 As 2 single 
crystals allows us to precisely map the whole S/T phase 
diagram [35J [35]. Thus, we can study the evolution of 
S as the system undergoes several Lifshitz transitions 
[28j . They were observed by angle- resolved photoemis- 
sion spectroscopy (ARPES) [27] and the change in ther- 
mopowcr and Hall effect [35]. Between the first two Lif- 
shitz transitions, interband scattering is responsible for 
the AF SF and thermopower is sensitive to them. There- 
fore, we can probe the phase diagram of Fe-pnicitides, 
in order to search for the signatures of spin fluctuation 
driven quantum criticality in S/T. 

The temperature dependence of \S\/T vs. InT for the 
whole phase diagram is presented in Fig. [I] We separated 
the data into three groups which show characteristic In- 
dependence: (Fig. ^l) for x = 0-0.025 S/T undergoes an 
abrupt change at Is followed by the Fermi surface recon- 
struction [27] . The reconstructed hole Dirac-like band in 
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FIG. 1. The behavior of S/T vs. InT in three doping regimes: 

(a) SDW phase in which the Fermi surface is reconstructed, 

(b) superconducting, (c) toward the Fermi-liquid at high x. 
Dotted lines emphasize linearity on a log-T scale. Ther- 
mopower data are taken from [35] and |36| . 



the SDW state was predicted [37J and observed [35] and it 
induces a positive contribution to the otherwise small and 
compensated thermopower of BaFe2As2 [39]. This contri- 
bution to S is T-dependent [ID] and it is suppressed with 
doping [35]. Its decrease is responsible for the increase 
of \S\/T with lowering temperature in the low-doping 
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FIG. 2. S/T diverges when approaching the QCP around 
x c ss 0.056, and the parameter & (the mass of SF) is decreas- 
ing. The same effect is achieved by decreasing 5 with lowering 
temperature. In the AF phase the drop is more abrupt, sim- 
ilar to theoretical calculation 1 1 5 1 . 



regime. As we approach the Lifshitz transition at x rs 
0.025 the quantum critical behavior S/T oc ln(l/T) can 
be observed in a limited T-range [30-100K]. (Fig. [TJd) 
The Lifshitz transition LT1 is crossed and the S/T di- 
verges linearly on the logT-scale with lowering T. With 
doping, the slope of S/T increases up to x — 0.05 and 
then decreases. Taking into account the expressions for 
S in the quantum critical regime S/T oc \n(u>s/6) and 
mass of spin fluctuation 5 = T(p — p c ) + T, we can ex- 
plain the log-increase of 5 with lowering T and decreasing 
SF mass S. When T < T{p — p c ), S starts to saturate 
depending on the value of parameter p, in this case dop- 
ing x. Above the second Lifshitz transition (LT2) at x f=s 
0.11 the cylindrical hole band changes to ellipsoid [25] , 
which reduces the nesting and S/T. (Fig. As the su- 
perconductivity is suppressed above x — 0.14, the slope 
of S(T)/T continues to decrease. This can be explained 
with continuous increase of 5 that results in smaller S. 
The system undergoes a third Lifshitz transition (LT3) 
around x rs 0.2, above which the hole band is suppressed 
below the Fermi level. Above that doping, low-T S/T 
saturates as the system makes a cross-over from a quan- 
tum critical NFL to the Fermi-liquid-like (S/T oc const.) 
state. 

If we analyze the doping-dependent behavior of S at 
fixed temperatures, we observe that for the critical value 
of x c ~ 0.06, the S/T attains its highest value and has 
a broad maximum centered at the QCP (Fig. |J. The 
x-dependence comes from the change of the spin fluctu- 
ation mass 5 in the expression for S. This behavior is in 
agreement with the theoretical calculations, which show 
that S/T diverges in the proximity to the QCP in SDW 
systems [131 [15]. As predicted, the rate of change of 
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FIG. 3. Contour plot of S/T as a function of log-T and 
doping x, shows a low-T increase due to spin fluctuations 
in the region of similar non-reconstructed electron X-pocket 
and hole-F pocket, in the arrange between the first (LT1) 
and second (LT2) Lifshitz transition. The temperature of the 
superconducting (T c ), structural (Ts), and antiferromagnetic 
(Tm) transition are taken from ref. [45! 3S] - The region of the 
incommensurate-SDW is indicated by Tic [3H- The :r-levels 
that correspond to the Lifshitz transitions are taken from ref. 
[28] and the similarity between the electron- and hole-pocket 
was reported in ref. [27] . 



S/T(x) in the AF phase is more pronounced than in the 
paramagnetic phase, because of the reduction of entropy 
in the AF ordered phase. In the overdoped case (x > 
0.2), the hole band is suppressed below the Fermi level 
and the bandwidth of the electron band is much larger, 
in agreement with the Fermi-liquid dependence seen in 
resistivity (p oc T 2 ) [32 [32] and thermopower (Fig. [lj:). 
On the other hand, the region closer to QCP is charac- 
terized by T-linear NFL p, in analogy with cuprates and 
Bechgaard salts [25]. A similar cross-over was observed 
in a heavy-fermion compound YbRh^Sii-zGea;^, at the 
transition from the magnetic field-induced FL (C e /T oc 
const.) and the NFL state [33] ■ In the same compound, 
S/T was found to diverge similarly to C e /T in the NFL 
state, indicating a large entropy of charge carriers [44] . 

A more suggestive representation of the S/T data pre- 
sented in Fig. [I] is the contour plot of S/T as a func- 
tion of doping and logT in Fig. [3] S/T maps a 'hot' 
region above the SC dome, bordered by the two Lif- 
shitz transitions, LT1 and LT2, with a dome-like dis- 
tribution of intensity. In this doping region [x = 0.025- 
0.1) the size of the electron X- and hole T-pocket is sim- 
ilar [27]. The peak of intensity is close to x = 0.05, 
where the QCP is approached, close to the reported in- 
commensurate spin-density-wave (IC-SDW) region, that 
was observed by neutron diffraction in the doping range 
between 0.056 < x < 0.06 34J. The doping-induced 
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suppression of the structural and magnetic transitions 
leads to the weakening of a nesting-driven SDW order 
which results in an enhancement of the spin fluctuations 
in the region marked by red color in the Fig. [3j It is 
the same region of the phase diagram where the back- 
bending of the separate SDW and structural tetragonal- 
to-orthorhombic transition occurs below SC T c jS] l4"Tj . 
The observed competition between the superconductiv- 
ity and magnetism/orthorhombicity is explained by the 
magnetoelastic coupling and the closely related nematic 
order. The nematic fluctuations above T$ are coupled to 
the lattice in the normal state, which induces the con- 
comitant structural and nematic transition followed by 
the magnetic transition at lower temperature [6j [48] . 

The divergence of S/T at x c from the both higher and 
lower doping side is reminiscent of the behavior observed 
in Sr3Ru2C>7, in which magnetic field was used as a tun- 
ing parameter to approach the QCP [14]. A jump in mag- 
nitude observed there in two thermodynamic variables, 
entropy and specific heat, was ascribed to the forma- 
tion of a spin nematic phase of electronic fluid with bro- 
ken rotational symmetry. This phase was previously de- 
tected as a region with highly anisotropic magnetoresis- 
tivity [IS] . The behavior of our system is analogous with 
this: increase of S/T in the x — T phase diagram matches 
the region of increased in-plane resistivity anisotropy ob- 
served in ref. [9 . These two phase diagrams indicate a 
formation of a novel quantum phase, the electronic ne- 
matic phase, in the vicinity of QCP in Fe-based supercon- 
ductor, in agreement with the nematic order scenario [5J. 

There are many complex systems in which IC-SDW, 
nematic stripe order, high thermopower and supercon- 
ductivity are reported to coexist. For example, spin en- 
tropy was suggested to be responsible for the enhanced S 
inNa x Co204 [50] and superconducting Na x Co204 -7H 2 
[5TI 152] , One can argue that this can be generalized 
to other complex transition-metal oxides, including the 
high-T c cuprates (53] [54]. Essentially the same behav- 
ior, compared to FeSC, was observed by the application 
of pressure or chemical doping to the itinerant antiferro- 
magnet Cr [55J [SB]. There, the nesting-driven SDW tran- 
sition is suppressed with the change of external param- 
eters, resulting in quantum critical behavior at low-T. 
Unlike FeSC, the SC T c is never high in Cr alloys because 
of the lack of sufficiently attractive electron-electron in- 
teraction necessary for the Cooper pair formation [56] . 

Strong evidence for the connection between SC and the 
observed quantum criticality is the correlation between 
the doping dependence of T c , S/T and the specific heat 
jump (AC P /T C ) at the SC T c which changes by a factor 
of ~ 10 across the SC dome [57]. AC P /T C vs. T c data for 
several FeSC can be scaled linearly to a single log-log plot 
over an order of magnitude in T c . We propose that spin 
entropy plays a crucial role in the maximum of AC P /T C1 
and that the highest entropy comes from the IC-SDW 
for x ~ 0.05. The striking similarity between the doping 
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FIG. 4. Superconducting transition T c , specific heat jump 
Cp/T c , and the entropy (thermopower, S/T) at T—25 K as 
a function of concentration x in Ba(Fei_ 2 ,Co :l ;)2As2. Specific 
heat data are from ref. [57]. Lines serve as a guide to the eye. 

dependence of SC T c , AC P /T C , and S/T is presented in 
the Fig. [4] The proportionality of the T c and the strength 
of spin fluctuations observed in S/T support the picture 
of SF mediated superconductivity. The SF determine the 
energy scale which results in the dome-like behavior in 
T c , AC P /T C , and S/T. This can also be observed in the 
proximity of thermopower intensity peak to the maximal 
T c in Fig. [3] 

The spin fluctuations are also proportional to the res- 
onance observed in the inelastic neutron scattering at 
the interband scattering vector (tt, 7t) [32] ■ Also, a re- 
cent, more detailed neutron study on FeSC proved that 
the commensuration in the spin excitation spectrum and 
the so-called hour-glass dispersion forms well above SC 
T c [55]. The same technique detected spin excitations 
in the SC hole-doped Bai_ x K x Fe2As2, where the cor- 
relation between the Fermi surface nesting, SF energy 
and SC T c is observed (SHj- The additional correla- 
tion with the critical fluctuations observed by S/T in 
the same compound supports the argument of this pa- 
per [19]. Nernst effect study on a similar compound 
Eu(Fei_ x Co x ) 2 As 2 showed the existence of an anoma- 
lous contribution that peaks above T c (around 40K) in 
the sample where SDW and SC coexist [50] . The authors 
there associated this contribution with the Fermi-surface 
reconstruction caused by spin fluctuations. Future Nerst 
effect measurements in BFCA compound can bring useful 
information concerning the existence of SF above T c . 

We observe a signature of quantum critical behavior in 
the T-dependence of thermopower of the Fe-based super- 
conductor Ba(Fei_ 2: Co a ;)2As2. We ascribe the increase 
seen in S/T(T,x) around critical doping x c to spin fluc- 
tuation close to the QCP. The origin of it are the SDW 
driven critical SF that are enhanced at low-T for 0.02 
< x < 0.1, between the two Lifshitz transitions, where 
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the electron and hole pockets are well nested. The small- 
est mass of SF and the largest S/T at low-T correspond 
to x c m 0.05, close to the reported IC-SDW region. The 
quantum critical behavior that we observe in S/T con- 
firms the behavior found in p and its anisotropy. Thus, 
the enhancement of thcrmopower and consequently, en- 
tropy of electron system, in Fe-pnictides can be related to 
SF, which exist above the SC T c . Their strength is pro- 
portional to the T c , which supports the picture of spin 
fluctuation mediated superconductivity. 
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